
a .  J E u r o p a i s c h e s   

Pa ten tamt  

European  Patent  Office  ©  Publication  number:  0  2 1 4   7 8 2  

Office  europeen  des  brevets  A 2  

©  EUROPEAN  PATENT  APPLICATION 

©  Application  number:  86306338.4  ©  Int.  CI.4:  G  10  K  1 1 / 3 4  

@  Dateoffiling:  15.08.86 

©  Priority:  16.08.85  JP  179420/85  ©  Applicant:  HITACHI,  LTD. 
14.10.85  JP  226716/85  6,KandaSurugadai4-chomeChiyoda-ku 
14.10.85  JP  226717/85  Tokyo  100(JP) 

@  Inventor:  Umemura,  Shinichiro 
©  Date  of  publication  of  application  :  C403  Hitachi  Koayasu  Apt.  2-32,  Koyasu-cho 

18.03.87  Bulletin  87/12  Hachloji-shlTokyo(JP) 

©  Designated  Contracting  States:  ©  Inventor:  Cain,  Charles  Arain 
DE  FR  GB  507,  West  Pennsylvania 

Urbanalllinois61801(US) 

©  Inventor:  Katakura.Kageyoshl 
1-25-32,  Naka-cho  Meguro-ku 
Tokyo(JP) 

©  Representative:  Calderbank,  Thomas  Roger  et  al, 
MEWBURN  ELUS  &  CO.  2/3  Cursitor  Street 
London  EC4A1BQ(GB) 

M  
<  

©  Ultrasonic  irradiation  system. 
©  An  ultrasonic  irradiation  system  has  a  transducer  (1) 
which  is  composed  of  a  plurality  of  elements  divided  at  least 
in  a  circumferential  direction  of  the  face  of  the  transducer  (1) 
so  that  the  phases  of  drive  signals  may  be  changed  according 
to  the  respective  circumferential  positions  of  the  oscillating 
elements.  This  permits  the  phases  of  the  drive  signals  to  be 
rotated  by  n  rotations  in  the  circumferential  direction.  As  a 
result,  an  annular  focal  zone  having  a  desired  radius  is 
formed,  and  the  integrated  values  of  sound  waves  in  the 
circumferential  direction  may  be  substantially  zero  on  the 
focal  plane  so  that  no  unnecessary  secondary  focal  zone  is 
formed. 
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ULTRASONIC  IRRADIATION  SYSTEM 

The  p r e s e n t   i n v e n t i o n   r e l a t e s   to   an  u l t r a s o n i c  

i r r a d i a t i o n   s y s t e m   s u c h   as  an  u l t r a s o n i c   h e a t e r ,   a n  

u l t r a s o n i c   c h e m i c a l   r e a c t i o n   a c c e l e r a t o r ,   a  s o n i c a t o r ,   o r  

an  u l t r a s o u n d   t h e r a p y   s y s t e m   s u i t a b l e   f o r   r e m e d y   o f  

m a l i g n a n t   t u m o u r s .  

In  such   s y s t e m s ,   i n c l u d i n g   t h o s e   i n v o l v i n g   m e d i c a l  

t r e a t m e n t ,   t he   u l t r a s o u n d   f o c a l   zone   f o r m e d   by  a  s i n g l e  

s p o t   f o c u s   may  be  t o o   s m a l l ,   as  c o m p a r e d   w i t h   t h e   t a r g e t  

zone  to  be  i r r a d i a t e d .   To  o v e r c o m e   t h i s ,   i t   i s   known  t o  

p r o v i d e   an  u l t r a s o n i c   i r r a d i a t i o n   s y s t e m   in  w h i c h   a n  

a n n u l a r   f o c a l   zone   i s   f o r m e d   by  u s i n g   an  a c o u s t i c   l e n s   s u c h  

as  t h a t   d i s c l o s e d   in  " U l t r a s o u n d   in  Med.  &  B i o l . "   v o l .   8 ,  

No.  2  ( i s s u e d   in  1 9 8 2 ) ,   pp .   177  to  184 .   H o w e v e r ,   t h i s  

s y s t e m   has   t h e   d e f e c t   t h a t   t h e   p o s i t i o n ,   s i z e   and  s h a p e   o f  

t he   i r r a d i a t i o n   c a n n o t   be  c o n t r o l l e d   in  d e p e n d e n c e   on  t h e  

o b j e c t   to   be  i r r a d i a t e d   w i t h   u l t r a s o n i c   w a v e s   b e c a u s e   t h e y  

a re   f i x e d .   M o r e o v e r ,   t h e   s y s t e m   has   a  t e n d e n c y   t h a t   t h e  

u l t r a s o n i c   waves   s p r e a d i n g   a g a i n   f rom  an  a n n u l a r   f o c a l   z o n e  

A  w i l l   r e f o r m   a  l o n g   c o l u m n - s h a p e d   f o c a l   zone   B  on  t h e  

c e n t r e   a x i s   of  t h e   a n n u l u s ,   as  shown  in  s e c t i o n   in  F i g .   1 .  

T h i s   t e n d e n c y   is   s u f f i c i e n t l y   a c u t e   to   be  a  s e r i o u s   p r o b l e m  

when  the   d i a m e t e r   of  t h e   a n n u l u s   i s   s m a l l e r   t h a n   t h a t   o f  

the   u l t r a s o n i c   p r o b e .   In  t h e   f i e l d   of  u l t r a s o u n d   t h e r a p y ,  

fo r   e x a m p l e ,   t h e   f o r m a t i o n   of  a  s e c o n d a r y   f o c a l   zone ,   i n  

a d d i t i o n   to  t he   t a r g e t   z o n e ,   may  a d v e r s e l y   a f f e c t   t h e  

n o r m a l   i n t e r n a l   t i s s u e s   of  a  p a t i e n t   or  may  c a u s e   p a i n .  
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The  p r e s e n t   i n v e n t i o n   s e e k s   to  p r o v i d e   an  u l t r a s o n i c  

i r r a d i a t i o n   s y s t e m   c a p a b l e   of  f o r m i n g   a  l a r g e r   f o c a l   z o n e  

t h a n   a  s i n g l e   s p o t   f o c u s   w h i c h   may  a l s o   p e r m i t   t h e   a r e a   o f  

t h a t   zone  to   be  v a r i a b l e .   I t   is  a l s o   d e s i r e d   to  fo rm  a 

l a r g e r   f o c a l   zone   t h a n   t h e   s i n g l e   one  w i t h o u t   f o r m i n g   a  - 

s e c o n d a r y   f o c a l   z o n e ,   in  a d d i t i o n   to  t he   t a r g e t   z o n e .  

A c c o r d i n g   to   t h e   p r e s e n t   i n v e n t i o n ,   a  f o c a l   z o n e ,  

e . g .   a n n u l a r   or  e l l i p t i c ,   i s   f o r m e d   on  a  f o c a l   p l a n e   b y  

means   of  a  t r a n s d u c e r   h a v i n g   an  a r r a y   of  t r a n s d u c e r  

e l e m e n t s   so  t h a t   t h e   v a l u e   of  t he   i n t e g r a t i o n   of  t h e   s o u n d  

p r e s s u r e   on  t h e   f o c a l   p l a n e   i s   n e g l i g i b l y   s m a l l ,   c o m p a r e d  

w i t h   t h e   i n t e g r a t i o n   of  t h e   a b s o l u t e   s o u n d   p r e s s u r e .  

A c c o r d i n g   t o   t h e   i n v e n t i o n ,   s o u n d   w a v e s   may  t h e n   b e  

g e n e r a t e d   a l o n g   an  a n n u l a r   f o c a l   zone   and  t h e   p h a s e   o f  

t h e i r   s o u n d   p r e s s u r e s   may  r o t a t e   in  t h e   c i r c u m f e r e n t i a l  

d i r e c t i o n .   To  a c h i e v e   t h i s ,   a  t r a n s d u c e r   h a v i n g   a  t w o -  

d i m e n s i o n a l   a r r a y   of  t r a n s d u c e r "   e l e m e n t s   may  be  u s e d ,   a n d  

t h e   p h a s e s   of  s i g n a l s   f o r   d r i v i n g   t h e   r e s p e c t i v e   e l e m e n t s  

t h e n   r o t a t e   a r o u n d   t h e   c e n t r e   p o s i t i o n   of  t h e   t r a n s d u c e r   i n  

t h e   c i r c u m f e r e n t i a l   d i r e c t i o n .   To  fo rm  t h e   f o c a l   p l a n e ,   o n  

t he   o t h e r   h a n d ,   t h e   p h a s e s   of  t h e   d r i v e   s i g n a l s   of  t h e  

r e s p e c t i v e   e l e m e n t s   a r e   a l s o   m o d i f i e d   a c c o r d i n g   to   t h e  

p o s i t i o n   in  t h e   r a d i a l   d i r e c t i o n .   The  f o c a l   d i s t a n c e   c a n  

be  v a r i e d   by  a d j u s t i n g   t h e   p h a s e s   of  t he   d r i v e   s i g n a l s   i n  

t h e   r a d i a l   d i r e c t i o n .  

The  a d j u s t m e n t   of  t h e   p h a s e s   of  t he   d r i v e   s i g n a l s   i n  

t h e   r a d i a l   d i r e c t i o n   i s   u n n e c e s s a r y   i f   i t   is   s u f f i c i e n t   t o  
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f i x   t h e   f o c a l   d i s t a n c e .   T h e r e f o r e ,   t h i s   f o c a l   p l a n e   caii  b e  

f o r m e d   e i t h e r   by  u s i n g   an  a c o u s t i c   l e n s   or  by  m a k i n g   t h e  

t r a n s d u c e r   f a c e   c o n c a v e .   In  t h i s   c a s e ,   t h e   t r a n s d u c e r   may 

be  of  r a d i a l   a r r a y   t y p e   in  w h i c h   a  t r a n s d u c e r   p l a t e   of  a 

c i r c u l a r   or  a  s i m i l a r   s h a p e   i s   d i v i d e d   i n t o   a  p l u r a l i t y   o f  

e l e m e n t s   a l o n g   t he   c i r c l e .  

In  o r d e r   to  c o n t r o l   t h e   s i z e   of  t he   f o c a l   zone ,   on  

t h e   o t h e r   h a n d ,   t he   number   of  p o l e s   zn  (n  =  1,  2,  3,  4  a n d  

so  on)  of  t h e   d r i v e   s i g n a l s   in  c i r c u m f e r e n t i a l   d i r e c t i o n   o f  

t h e   o s c i l l a t o r   f a c e   is   c h a n g e d .   The  d i a m e t e r   of  t h e  

a n n u l a r   f o c a l   zone  is   e n l a r g e d   by  i n c r e a s i n g   the   p o l a r  

n u m b e r   n .  

E m b o d i m e n t s   of  t he   i n v e n t i o n   w i l l   now  be  d e s c r i b e d   i n  

d e t a i l ,   by  way  of  e x a m p l e ,   w i t h   r e f e r e n c e   to   t h e  

a c c o m p a n y i n g   d r a w i n g s ,   in  w h i c h :  

F i g .   1  is   a  s e c t i o n a l   v i e w   s h o w i n g   t he   p r o b e   and  i t s  

f o c a l   zone   p r o d u c e d   by  a  known  u l t r a s o n i c   i r r a d i a t i o n  

s y s t e m ,   and  has   a l r e a d y   b e e n   d e s c r i b e d ;  

F i g .   2  i s   a  d i a g r a m   s h o w i n g   t h e   f o c a l   zone  p r o d u c e d  

by  an  e m b o d i m e n t   of  t h e   p r e s e n t   i n v e n t i o n ;  

F i g .   3  i s   a  b l o c k   d i a g r a m   s h o w i n g   one  e m b o d i m e n t   o f  

t h e   p r e s e n t   i n v e n t i o n ;  

F i g s .   4A  and  4B,  F i g s .   6A  and  6B,  and  F i g s .   8A  and  8B. 

a r e   r e s p e c t i v e l y   top   and  s e c t i o n a l   v i e w s   s h o w i n g   e x a m p l e s  

of  a  p r o b e   to  be  u s e d   in  t h e   p r e s e n t   i n v e n t i o n ;  

F i g .   5  is   a  d i a g r a m   s h o w i n g   t h e   f o c a l   zone  fo rmed   b y  

t h e   p r o b e   of  F i g s .   4A  and  4 B ;  
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F i g .   7,  F i g s .   9A  and  9B,  and  F i g s .   10A,  10B  and  IOC 

ire   r e s p e c t i v e l y   t o p   v i e w s   s h o w i n g   p h a s e   c o n t r o l s   f o r   t h e  

jr  obes   ; 

F i g s .   11A,  11B  and  l i e   a r e   d i a g r a m s   o b t a i n e d   by  t h e  

Dhase  c o n t r o l s   of  F i g s .   10A,  10B  and  I O C ;  

F i g s .   12A  and   12B  a r e   a  t o p   and  a  s e c t i o n a l   v i e w  

r e s p e c t i v e l y   of  a  p r o b e   f o r   use   in  a n o t h e r   e m b o d i m e n t   o f  

t he   p r e s e n t   i n v e n t i o n ;  

F i g s .   13A  and   13B  a r e   d i a g r a m s   s h o w i n g   s o u n d   w a v e s  

o b t a i n e d   by  t h e   p r o b e   of  F i g s .   12A  and  12B;  a n d  

F i g s .   14A  and   14B  a r e   a  t o p   and  a  s e c t i o n a l   v i e w  

r e s p e c t i v e l y   s h o w i n g   a  p r o b e   f o r   u se   in  a  f u r t h e r   e m b o d i -  

ment   of  t h e   p r e s e n t   i n v e n t i o n .  

F i g .   2  shows   t h e   p a t t e r n   of  a  s o u n d   f i e l d   f o r m e d   by  a  

r e p r e s e n t a t i v e   e m b o d i m e n t   of  t h e   p r e s e n t   i n v e n t i o n .  

I f   t h e   p h a s e   of   t h e   s o u n d   p r e s s u r e   of  an  a n n u l a r  

f o c a l   zone   on  a  f o c a l   p l a n e   P  i s   d e l i b e r a t e l y   m o d u l a t e d  

a l o n g   t h e   a n n u l u s   so  t h a t   t h e   i n t e g r a t i o n   of  s o u n d   p r e s s u r e  

on  P  is   s u b s t a n t i a l l y   e q u a l   to   z e r o ,   t h e   a c o u s t i c   e n e r g y  

n e c e s s a r y   f o r   f o r m i n g   a n n u l a r   f o c a l   z o n e s   Al  and  A2  on  t h e  

f o c a l   p l a n e   P  can   be  c o n c e n t r a t e d   w i t h o u t   f o r m i n g   a n y  

s e c o n d a r y   f o c a l   p o i n t   B.  In  o t h e r   w o r d s ,   t h e   f o c a l   z o n e s  

f o r m e d   on  t h e   f o c a l   p l a n e   P  a r e   s y m m e t r i c   w i t h   r e s p e c t   t o  

t h e   c e n t r e   a x i s   so  t h a t   t h e   s o u n d   p r e s s u r e   on  t h e   a x i s   i s  

m a i n t a i n e d   a t   z e r o .  

I f ,   m o r e o v e r ,   t h e   p o i n t   w h e r e   t h e   p h a s e   of  t h e   s o u n d  

p r e s s u r e   i s   z e r o   i s   r o t a t e d ,   as  i n d i c a t e d   by  t h i c k   a r r o w s  
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in  F i g .   2,  t he   a c o u s t i c   e n e r g y   t i m e - a v e r a g e d   on  t he   a n n u l u s  

may  be  made  u n i f o r m ,   to   f o rm  t h e   d e s i r e d   a c o u s t i c   e n e r g y  

i r r a d i a t i o n   p a t t e r n .  

The  c o n s t r u c t i o n s   of  t h e   p r o b e s   s h o w n   in  F i g s .   4A  a n d  

4B,  F i g s .   6A  and  6B,  and  F i g s .   8A  and   8B  w i l l   now  b e  

d e s c r i b e d   in  d e t a i l .   In  a l l   t h e s e   e x a m p l e s   of  a  p r o b e  

s u i t a b l e   f o r   use   in  t h e   p r e s e n t   i n v e n t i o n ,   a  t r a n s d u c e r   1 

made  of  p i e z o e l e c t r i c   c e r a m i c s   and  a  s e c o n d   a c o u s t i c  

m a t c h i n g   l a y e r   3  made  of  a  p o l y m e r   a r e   a d h e r e d   to   t h e   f r o n t  

and  b a c k   of  a  b o a r d   2  of  l i g h t   m e t a l   a c t i n g   as  a  f i r s t  

a c o u s t i c   m a t c h i n g   l a y e r ,   as  a  g r o u n d   e l e c t r o d e   and  as  a  

h e a t   s i n k ,   r e s p e c t i v e l y .   A  w a t e r   bag  4  f o r   a c o u s t i c  

c o u p l i n g   b e t w e e n   t h e   t r a n s d u c e r   and  an  o b j e c t   to   b e  

i r r a d i a t e d   i s   a t t a c h e d   to   t h e   s e c o n d   a c o u s t i c   m a t c h i n g  

l a y e r   3.  In  t h e   p r o b e   of  F i g s .   4  and   6,  t h e   t r a n s d u c e r   1 

i s   d i v i d e d   i n t o   r i n g - s h a p e d   o s _ c i l l a t i n g   e l e m e n t s ,   e a c h   o f  

w h i c h   i s   r a d i a l l y   d i v i d e d   i n t o   s i x   o s c i l l a t i n g   e l e m e n t s .  

In  t h e   p r o b e   of  F i g .   8,  on  t h e   o t h e r   h a n d ,   t h e   o s c i l l a t o r  

i s   c o n s t r u c t e d   by  a r r a y i n g   a  p l u r a l i t y   of   o s c i l l a t i n g  

e l e m e n t s   r e g u l a r l y   t w o - d i m e n s i o n a l l y   .  T h u s ,   t h e   o s c i l l a t o r  

f o r   i r r a d i a t i n g   s o u n d   w a v e s   to  an  a n n u l a r   f o c a l   zone  i s  

c o n s t r u c t e d   of  t h o s e   p l u r a l i t y   of  o s c i l l a t i n g   e l e m e n t s .   I n  

a l l   t h e   e x a m p l e s   of  F i g s .   4,  6  and  8,  an  a u x i l i a r y   p r o b e   6 

f o r   m o n i t o r i n g   t h e   i r r a d i a t i o n   i s   r o t a t a b l y   f i t t e d   in  t h e  

c e n t r a l   p o r t i o n   of  t h e   p r o b e .   T h a t   a u x i l i a r y   p r o b e   6  i s   o f  

a  s m a l l   l i n e a r   a r r a y   t y p e ,   in  w h i c h   t h e   t r a n s d u c e r   e l e m e n t s  

h a v e   a  r e s o n a n c e   f r e q u e n c y   b e t w e e n   100  kHz  and  10  MHz, 
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w h i c h   i s   s e l e c t e d   to   be  two  or  more   t i m e s   h i g h e r   t h a n   t h e  

r e s o n a n c e   f r e q u e n c y   of  t h e   t r a n s d u c e r   1.  In  a  s u i t a b l e  

e x a m p l e ,   t h e   t r a n s d u c e r   1  has   a  r e s o n a n c e   f r e q u e n c y   of  500  

kHz  w h e r e a s   t h e   a u x i l i a r y   p r o b e   6  has   a  r e s o n a n c e   f r e q u e n c y  

of  3  MHz.  The  o r i e n t a t i o n   of  t h e   a r r a y   of  t h e   a u x i l i a r y  

p r o b e   6  i s   c o n t r o l l e d   by  m e a n s   of  a  m o t o r   7 .  

M o r e o v e r ,   a  c o o l i n g   p i p e   5  i s   p r o v i d e d   in  t h e   l i g h t  

m e t a l   b o a r d   2  of  F i g s .   4  and   6.  In  t h e   e x a m p l e   of  F i g .   8 ,  

h o w e v e r ,   t h e r e   i s   no  n e e d   f o r   a  c o o l i n g   p i p e   b e c a u s e   t h e  

l i g h t   m e t a l   b o a r d   2  d i r e c t l y   c o n t a c t s   t h e   a c o u s t i c   c o u p l i n g  

w a t e r   c o n f i n e d   in  t h e   w a t e r   bag   4 .  

In  t h e   e m b o d i m e n t   of  F i g .   4,  as  shown  in  s e c t i o n   i n  

F i g .   5,  t h e   p r o b e   i s   g i v e n   a  f i n i t e   c u r a v a t u r e   R  so  as  t o  

m i n i m i z e   t h e   n u m b e r   of  t h e   t r a n s d u c e r   e l e m e n t s   n e c e s s a r y  

f o r   s c a n n i n g   t h e   t a r g e t   z o n e   by  c h a n g i n g   t h e   r a d i u s   a n d  

d e p t h   of   t h e   a n n u l a r   f o c a l   z o n e   A.  By  t h u s   s e t t i n g   t h e  

maximum  d i r e c t i o n   of  t h e   d i r e c t i v i t y   of  t h e   o u t e r   e l e m e n t s  

i n w a r d ,   t h e   n u m b e r   of  t h e   e l e m e n t s   r e q u i r e d   can   be  r e d u c e d  

to   a b o u t   one   h a l f   t h e   n u m b e r   n e e d e d   w i t h   a  p l a n a r   p r o b e . *   A 

s i m i l a r   e f f e c t   can   a l s o   be  a t t a i n e d   by  c o m b i n i n g   a  p l a n a r  

o s c i l l a t o r   and   an  a c o u s t i c   l e n s .   T h i s   c o m b i n a t i o n   i s   s h o w n  

in  t h e   e x a m p l e   of  F i g .   6,  in  w h i c h   t h e   a c o u s t i c   l e n s   i s  

p r e p a r e d   by  m a c h i n i n g   t h e   l i g h t   m e t a l   b o a r d   2  to   form  a  

F r e s n e l   l e n s .  

The  o v e r a l l   c o n s t r u c t i o n   of  t h e   s y s t e m   w i l l   b e  

d e s c r i b e d   w i t h   r e f e r e n c e   t o   F i g .   3.  A  m a i n   c o n t r o l l e r   10 

s u p p l i e s   a  s i g n a l   to   a  t r a n s m i t t i n g   p h a s e   c o n t r o l l e r   1 1 ,  
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t h e   s i g n a l   d e t e r m i n i n g   t h e   r a d i u s   of  an  a n n u l a r   f o c a l   z o n e  

to   be  f o r m e d ,   t h e   d i s t a n c e   f r o m   t h e   p r o b e   and  t h e   m o d u -  

l a t i o n   mode  a l o n g   t h e   a n n u l u s .   As  w i l l   be  d e s c r i b e d   l a t e r  

in   d e t a i l ,   t h e   d r i v e   p h a s e s   of  t h e   r e s p e c t i v e   e l e m e n t s   j > f  

t h e   t r a n s d u c e r   1  in  t h e   t r a n s m i t t i n g   p h a s e   c o n t r o l l e r   11  

a r e   d e t e r m i n e d   by  t h e   s i g n a l   f r o m   t h e   main   c o n t r o l l e r   10  

u n t i l   t h e y   a r e   t r a n s f e r r e d   as  l o a d   d a t a   to   m - b i t   c o u n t e r s  

8.  T h e s e   m - b i t   c o u n t e r s   8  o p e r a t e   u s i n g   t h o s e   l o a d   d a t a   a s  

t h e i r   i n i t i a l   v a l u e s ,   and   t h e y   c o u n t   c l o c k   p u l s e s   of  a  

f r e q u e n c y   of  2m.fQ  f r o m   t h e   m a i n   c o n t r o l l e r   10 .   The  m - b i t  

c o u n t e r s   8  o u t p u t s   t h e i r   h i g h e s t - b i t   s i g n a l s ,   to   p r o d u c e  

i r r a d i a t i n g   t r a n s m i s s i o n   p h a s e   s i g n a l s   of  a  f r e q u e n c y   f ^  

w h i c h   a r e   f e d   to   t r a n s m i s s i o n   a m p l i f i e r s   9.  T h e s e   t r a n s -  

m i s s i o n   a m p l i f i e r s   9  a m p l i f y   t h o s e   t r a n s m i t t i n g   p h a s e  

s i g n a l s   to   a m p l i t u d e s   d e t e r m i n e d   by  t h e   s i g n a l   f r o m   t h e  

main   c o n t r o l l e r   10,   and  t h e   a m p l i f i e d   s i g n a l s   d r i v e   t h e  

r e s p e c t i v e   e l e m e n t s   of  t h e   t r a n s d u c e r   1.  As  a  r e s u l t ,   t h e  

d r i v e   p h a s e s   of  t h e   r e s p e c t i v e   e l e m e n t s   a r e   i n d i v i d u a l l y  

c o n t r o l l e d .  

An  e x a m p l e   of  t h e   d r i v e   p h a s e s   n e c e s s a r y   f o r  

g e n e r a t i n g   t h e   s o u n d   f i e l d   of   t h e   t y p e   shown  in  F i g .   2  w i l l  

now  be  d e s c r i b e d .   I t   i s   a s s u m e d   h e r e ,   as  shown  in  F i g .   2  ; 

t h a t   the   a x i s   of  r o t a t i o n a l   s y m m e t r y   of  t h e   p r o b e   i s   t h e  

Z - a x i s ;   t h a t   c y l i n d r i c a l   c o o r d i n a t e s   u s i n g   t h e   i n t e r s e c t i o n  

b e t w e e n   t h e   p r o b e   and  t h e   Z - a x i s   as  an  o r i g i n   a r e  

d e s i g n a t e d   a t   (Z,  r ,   8 ) ;   t h a t   t h e   c o o r d i n a t e s   of  t h e   c e n t r e  

of  a  k - t h   t r a n s d u c e r   e l e m e n t   a r e   d e s i g n a t e d   a t   (Z.  ,  r.  , 
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8  ):  and  t h a t   t h e   c o o r d i n a t e s   of  t h e   a n n u l u s   of  t h e   a n n u l a r  

f o c a l   zone   a r e   d e s i g n a t e d   by  Z  =  Zp  and  r  =  r p .   Wi th   t h e s e  

a s s u m p t i o n s ,   t h e   d r i v e   p h a s e   ^   ( w h e r e i n   k  d e s i g n a t e s   a  

n a t u r a l   n u m b e r )   t o   be  g i v e n   to   e a c h   e l e m e n t   i s   g e n e r a l l y  

e x p r e s s e d   by  t h e   f o l l o w i n g   e q u a t i o n :  

r k -   ek'  t }  

«  a ( Z k ,   rk)   +  B(ek)   ,  ^ - t   ( 3 ) i  

w h e r e i n   wn  d e s i g n a t e s   t h e   a n g u l a r   f r e q u e n c y   of  t h e  

u l t r a s o u n d   w a v e s   t o   be  t r a n s m i t t e d .  

In  t h e   r i g h t - h a n d   s i d e   of  t h e   e q u a t i o n   f o r  

d e t e r m i n i n g   t h e   d r i v e   p h a s e ,   t h e   f u n c t i o n   a  of  (Z^,   r ^ )  

p r o v i d e s   f a c t o r s   f o r   d e t e r m i n i n g   t h e   d e p t h   Zf  of  t h e   f o c a l  

p l a n e   and  t h e   r a d i u s   rp  of   t h e   a n n u l a r   f o c a l   z o n e .   Two 

m e t h o d s   e x i s t   f o r   c a l c u l a t i n g   t h e   f u n c t i o n   a.  One  m e t h o d  

i s   to   d e t e r m i n e   t h e   d r i v e   p h a s e   of  e a c h   e l e m e n t   s u c h   t h a t  

t h e   s o u n d   w a v e s   may  c o n v e r g e   a t   t h e   p o s i t i o n   (Zp,   rp )   o f  

t h e   a n n u l u s   in  t h e   s e c t i o n   of   t he   p r o b e .   A c c o r d i n g   to   t h i s  

m e t h o d ,   t h e   f u n c t i o n   a  i s   g i v e n   by  t h e   f o l l o w i n g   e q u a t i o n :  

a ( Z k ,   r k )  

=  2n /X0   I  | (Zk  -  ZF)2  +  ( rk   -  r p ) 2   -  Zp]  (4)  . 

A n o t h e r   m e t h o d   i s   t o   f o r m   t h e   a n n u l a r   f o c a l   zone   b y  

m o d u l a t i n g   t h e   d r i v i n g   p h a s e s ,   w h i c h   a r e   c a l c u l a t e d   t o  

l o c a t e   t h e   f o c a l   p o i n t   a t   (Z  ,  0 ) ,   by  a  f u r t h e r   m o d u l a t i o n  



0 2 1 4 7 8 2  

9 

by  c h a n g i n g   the   d r i v e   p o l a r i t y   of  e a c h   e l e m e n t .   In  o r d e r  

t o   c o n s i d e r   what   d r i v e   p o l a r i t y   i s   to   be  g i v e n ,   i t   i s  

c o n v e n i e n t   to   i n v e r t   t h e   t i m e   a x i s   in  t h e   p r o p a g a t i o n   o f  

t h e   s o u n d   w a v e s .   S i n c e   t h e   s o u n d   wave  A  by  t he   a n n u l a r  

s o u n d   s o u r c e   h a v i n g   a  r a d i u s   rp  i s   e x p r e s s e d   by  t h e  

f o l l o w i n g   e q u a t i o n :  

2  n  r r   2  n  r  r  
A  «  J  .  (  s in   fi)  =  J i   (  6)   -   (  5  ) 

( w h e r e i n :   Jq  d e s i g n a t e s   t h e   0 - t h   o r d e r   B e s s e l ' s  

f u n c t i o n ;   and  6  d e s i g n a t e s   an  a z i m u t h   a n g l e ) .   The  s o u n d  

f , i e l d   i s   g e n e r a l l y   p r o p o r t i o n a l   to   JQ  (2ir  r p / ^   Q  . r ^ / Z p )   on  a  

c i r c u m f e r e n c e   of  a  r a d i u s   r^   on  t h e   f a c e   of  t h e   p r o b e  

s p a c e d   a t   a  d i s t a n c e   Zp  f r o m   t h e   f o c a l   p l a n e .   T h e r e f o r e ,  

t h e   a n n u l a r   f o c a l   zone   o f   t h e   r a d i u s   r „   ,  ..  _ F  f r o m   t h e   f o c a l  

p l a n e .   T h e r e f o r e ,   t h e   a n n u l a r   f o c a l   z o n e   of  t h e   r a d i u s   r  F 

a t   t h e   d i s t a n c e   Zp  f r o m   t h e   p r o b e   can   be  f o r m e d   by  g i v i n g  
* 

t h e   f o l l o w i n g   d r i v e   p h a s e   t o   e a c h   e l e m e n t .   I f   t h e   h - t h  

z e r o   p o i n t   of  t h e   0 - t h   o r d e r   B e s s e l ' s   f u n c t i o n   i s  

d e s i g n a t e d   at  a^  and  i f   t h e   f o l l o w i n g   e q u a t i o n   h o l d s :  

?.  o  Z  F 
r c =   — ( 6 )  

2  7c  r r  

i)   rk   <  a i r c   or  a ^ r ^   <  rk   <  a ^ r ^  

a ( z > ,   r 0 = —   f / ( z f c   -   Z f ) * +   r V -   Z f ) ~ ( 7 )  
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i i }   a 2 h - l r C   <  rk   <  a 2 h r C S  

b ( Z k ,   r 0 = —   ( / ( z - . - Z p J '   +  r  . , - Z f ]   +  *  - ( 8 )  

( w h e r e i n   h  d e s i g n a t e s   a  n a t u r a l   n u m b e r )   . 

I f   t h e   p r o b e   h a s   a  c o n s t a n t   r a d i u s   o f  

c u r v a t u r e   R,  as   s h o w n   in   F i g .   4,  t h e   f o l l o w i n g   e q u a t i o n  

h o l d s   i n   t h e   e q u a t i o n s   (4)  ,  (7)  and  (8)  : 

Z  k2  -   2  R  Z  k  +  r'ka  = 0   -   C  9  ) 

I f ,   on  t h e   o t h e r   h a n d ,   t h e   p r o b e   has   an  i n f i n i t e   r a d i u s  

of   c u r v a t u r e ,   as  s h o w n   in   F i g .   8,  t h e   f o l l o w i n g   e q u a t i o n  

h o l d s   : 

z . =   o  - d o )  

t 
W i t h   e i t h e r   m e t h o d ,   t h e   d e p t h   Z_  o f  

r  
t h e   f o c a l   p l a n e   and  t h e   r a d i u s   r_  o f   t h e   a n n u l a r   f o c a l  

r  
z o n e   a r e   d e t e r m i n e d   by  t h e   t e r m   a  o f   t h e   p h a s e   in  d e p e n d e n c e  

on  t h e   r a d i a l   p o s i t i o n   rk   o f   t h e   o s c i l l a t i n g   e l e m e n t s .  

On  t h e   r i g h t h a n d   s i d e   of   t h e   e q u a t i o n   d e t e r m i n i n g  

t h e   d r i v e   p h a s e ,   t h e   t e r m   8  of  t h e   f u n c t i o n   o f   6,  i s  k  
c a l c u l a t e d   in   t h e   f o l l o w i n g   m a n n e r .   In  t h e   c a s e   o f  

t h e   d i p o l a r   a n n u l a r   f o c a l   zone   of   F i g .   2,  t h e   f u n c t i o n  

3  i s   g i v e n   by  t h e   f o l l o w i n g   e q u a t i o n :  
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P  ( 0 h )   = 6  
( U )  

in  or  ne r   w o r a s   ,  t h e   p h a s e   of  t h e   d r i v e   s i g n a l   of  e a c h  

e l e m e n t   i s   r o t a t e d   360  d e g r e e s   f o r   one  r o t a t i o n   in  t h e   - 

c i r c u m f e r e n t i a l   d i r e c t i o n   on  t h e   f a c e   of  t h e   p r o b e .   In  t h e  

p r o b e   of  F i g .   4  or  6,  t h e   d i s t r i b u t i o n   of  t h e   p h a s e   of  e a c h  

e l e m e n t   h a s   t h e   s h a p e   shown  in  F i g .   7.  The  d i s t r i b u t i o n  

f o r   t h e   e m b o d i m e n t   of  F i g .   8,  h o w e v e r ,   has   t h e   s h a p e   s h o w n  

in  F i g .   9.  In  t h i s   e m b o d i m e n t ,   t h e   p h a s e   d i s t r i b u t i o n   i s  

r o t a t e d   w h i l s t   t h e   p h a s e   d i f f e r e n c e   b e t w e e n   t h e   e l e m e n t s   i s  

m a i n t a i n e d .   S i n c e   t h e   e q u i - p h a s e   p l a n e   of  t h e   s o u n d  

p r e s s u r e   i s   r o t a t e d   in  t h e   d i r e c t i o n   of  t h e   a r r o w ,   as  s h o w n  

in  F i g .   2,  on  t h e   f o c a l   p l a n e   P,  t h a t   r o t a t i o n   of  t h e   p h a s e  

d i s t r i b u t i o n   c a u s e s   t h e   e n e r g y   of  t h e   s o u n d   waves   to   b e  

d i s t r i b u t e d   u n i f o r m l y   in  an  a n n u l a r   f o r m   as  a  t i m e   e l a p s e s .  

A l t h o u g h   t h e   a b o v e   d e s c r i p t i o n   has   b e e n   c o n c e r n e d  

w i t h   t h e   c a s e   in  w h i c h   a  d i p i a r   f o c a l   zone   i s   f o r m e d ,   t h e  

p o l a r   n u m b e r   can   be  i n c r e a s e d   t o   f o r m   a  f o c a l   zone   of  2n  

p o l e s .   In  t h i s   c a s e ,   t h e   t e r m   8 ( 6 k )   of  t h e   e q u a t i o n   (3)  i s  

g i v e n   by  t h e   f o l l o w i n g   e q u a t i o n :  

-  P  (  0  O  .  =  n  6  k  -   ( 1 2 )  

Thus   t h e   d r i v e   p h a s e   o b t a i n e d   f rom  e q u a t i o n   (3)  i s  

q u a n t i t i z e d   in  u n i t s   of  2 u / 2 m ,   so  t h a t   t h e   l o w e r   m  b i t s   a r e  

o u t p u t t e d   f r o m   t h e   t r a n s m i t t i n g   p h a s e   c o n t r o l l e r   11  t o  

p r o d u c e   t h e   l o a d   d a t a   of  t h e   m - b i t   c o u n t e r s   8.  As  a  

r e s u l t ,   e a c h   e l e m e n t   i s   d r i v e n   by  t h e   p h a s e   w h i c h   i s  
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d e s i g n a t e d   b y c f ^ .  

In  t h e   e x a m p l e   o f   F i g .   7,  t h e   n u m b e r   of  d r i v i n g  

a m p l i f i e r s   9  in  F i g .   3  can   be  d e c r e a s e d   by  h a l f   by  c h a n g i n g  

t h e   p i e z o e l e c t r i c   p o l a r i t y   of  t r a n s d u c e r   e l e m e n t s   1.  F o r  

i n s t a n c e ,   p o s i t i v e   p o l a r i t y   i s   g i v e n   t o   ' 0 ' ,   ' u / S ' ,   a n d  

' 2 7 i / 3 '   e l e m e n t s   in  F i g .   7,  n e g a t i v e   p o l a r i t y   i s   g i v e n   t o  

D t h e r s ,   and   p o i n t   s y m m e t r i c   p a i r s   of  e l e m e n t s   a r e  

e l e c t r i c a l l y   c o m b i n e d   by  p a i r s .  

The  e m b o d i m e n t   of   F i g .   3  i s   e q u i p p e d   w i t h   a n  

i r r a d i a t i o n   m o n i t o r i n g   i m a g i n g   m e a n s   in   a d d i t i o n   to   t h e  

i r r a d i a t i n g   t r a n s m i t t i n g   p h a s e   m e a n s ,   as  w i l l   now  b e  

3 e s c r i b e d .   In  F i g .   3,  t h e r e   i s   shown  an  i m a g i n g   a u x i l i a r y  

s r o b e   6,  and  a  m o t o r   7  f o r   r o t a t i n g   t h e   p r o b e   6  on  t h e  

^ - a x i s   so  t h a t   a  p l u r a l i t y   of  u l t r a s o u n d   e c h o   t o m o g r a m s  

l e c e s s a r y   f o r   p o s i t i o n i n g   t h e   i r r a d i a t i o n   t a r g e t   can   b e  

: o r m e d .   E a c h   of  t h e   e l e m e n t s   jof  t h e   a u x i l i a r y   p r o b e   6  i s  

: o n n e c t e d ,   t h r o u g h   a  t r a n s m i t t i n g   and  r e c e i v i n g   a m p l i f i e r  

3,  to   a  t r a n s m i t t i n g   c o n t r o l l e r   12  and   a  r e c e i v i n g   b e a m  

o r m e r   14.   The  d r i v e   s i g n a l s ,   w h i c h   h a v e   t h e i r   p h a s e s   * 

o n t r o l l e d   f o r   e a c h   e l e m e n t   by  t h e   t r a n s m i t t i n g   c o n t r o l l e r  

2,  a r e   r e p e a t e d l y   a p p l i e d   t h r o u g h   t h e   t r a n s m i t t i n g   a n d  

e c e i v i n g   a m p l i f i e r s   13 .   As  a  r e s u l t ,   an  u l t r a s o u n d   b e a m  

or  i m a g i n g   by  l i n e a r   o r   s e c t o r   s c a n n i n g   i s   r e p e a t e d l y  

m i t t e d   f r o m   t h e   p r o b e   6  i n t o   a  p r e d e t e r m i n e d   p a r t   of  t h e  

b j e c t .   T h i s   u l t r a s o u n d   beam  h a s   a  f r e q u e n c y   e q u a l   to   t h e  

e s o n a n c e   f r e q u e n c y   of  t h e   a u x i l i a r y   p r o b e   6 .  

Bo th   t h e   e c h o   s i g n a l s   g e n e r a t e d   due  t o   d i s c o n t i n u i t y  
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of  t h e   a c o u s t i c   i m p e d a n c e   in  t h e   o b j e c t   and  t h e   h a r m o n i c s  

s i g n a l s   g e n e r a t e d   due  to  t h e   a c o u s t i c   n o n l i n e a r   e f f e c t   b y  

t h e   i r r a d i a t i n g   u l t r a s o u n d   w a v e s   a r e   r e c e i v e d   by  t h e  

r e s p e c t i v e   e l e m e n t s   of  t h e   i m a g i n g   a u x i l i a r y   p r o b e   6 ,  

a m p l i f i e d   by  t h e   t r a n s m i t t i n g   and  r e c e i v i n g   a m p l i f i e r s   1 3 ,  

and  f o c u s e d   by  t h e   r e c e i v i n g   beam  f o r m e r   14 .   As  a  r e s u l t ,  

s i g n a l s   a r e   g e n e r a t e d   w h i c h   a r e   i n d i c a t i v e   of   t h e   t i m e  

c h a n g e s   in  t h e   i n t e n s i t y   of  t h e   r e f l e c t e d   s i g n a l s   or  t h e  

h a r m o n i c s   s i g n a l s   b a s e d   on  t h e   r e c e i v e d   beam  w h i c h   i s  

s e q u e n t i a l l y   s c a n n e d   f o r   i m a g i n g   by  l i n e a r   or   s e c t o r  

s c a n n i n g .   T h e s e   s i g n a l s   a r e   f e d   t h r o u g h   an  i m a g i n g   c i r c u i t  

15  to   a  d i s p l a y   u n i t   16  so  t h a t   t h e   g e n e r a t e d   p o s i t i o n s   a n d  

t h e   u l t r a s o u n d   i n t e n s i t i e s   of  t h e   e c h o   s i g n a l s   or   t h e  

h a r m o n i c s   s i g n a l s   a r e   d i s p l a y e d   t h r o u g h   t h e   i m a g i n g   c i r c u i t  

15  in  t h e   d i s p l a y   f r a m e   of  t h e   d i s p l a y   u n i t   16.   T h e  

r e c e i v i n g   beam  f o r m e r   14  i s   e q u i p p e d   w i t h   e l e c t r o n i c  

s c a n n i n g   m e a n s ,   e l e c t r o n i c   f o c u s i n g   m e a n s ,   and   a l s o   a  b a n d -  

p a s s   f i l t e r   so  t h a t   i t s   c e n t r e   f r e q u e n c y   i s   s y n c h r o n i s e d  
* 

w i t h   t h e   i m a g i n g   u l t r a s o u n d   f r e q u e n c y ,   w h i c h   i s   more   t h a n  

t w i c e   as  h i g h   as  t h e   i r r a d i a t i n g   u l t r a s o u n d   f r e q u e n c y .  

T h i s   m a k e s   t h e   u l t r a s o n i c   i m a g i n g   o p e r a t i o n   p o s s i b i l e  

w i t h o u t   any  i n t e r f e r e n c e ,   even   d u r i n g   u l t r a s o n i c   i r r a d i a -  

t i o n .   The  d i s p l a y   f r a m e   s t o r e s   and  d i s p l a y s   two  i m a g e s ,   a s  

d e s i g n a t e d   a t   1 7 - 1   and  1 7 - 2 ,   so  as  to   make  i t   c o n v e n i e n t   t o  

p o s i t i o n   t h e   i r r a d i a t i o n   t a r g e t .   T h e r e f o r e ,   t h e   o p e r a t o r  

o p e r a t e s   t h e   a u x i l i a r y   p r o b e   by  means   of  t h e   m o t o r   7  s o  

t h a t   t h e   t o m o g r a m s   t a k e n   in  two  a r b i t r a r y   d i r e c t i o n s   can  b e  
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n i t o r e d   by  m e a n s   of  t h e   d i s p l a y   u n i t   16.   M o r e o v e r ,   t h e  

n i t o r   u n i t   of  t h e   p r e s e n t   e m b o d i m e n t   s u p e r p o s e s   t h e  

m o g r a p h s   of  t h e   o b j e c t   to   d i s p l a y   t h e   f o c a l   zone   of  t h e  

t r a s o u n d   beam  e m i t t e d   f r o m   t h e   o s c i l l a t o r   1  in  t h e   f o r m  

:  m a r k e r s   ( a s   d e s i g n a t e d   a t   1 8 - 1   and  1 8 - 2   in   F i g .   3 ) .   - T h e  

. a g i n g   c i r c u i t   15  g e n e r a t e s   t h e   m a r k e r   s i g n a l s   i n d i c a t i n g  

ie  s e c t i o n   of  t h e   f o c a l   z o n e   by  u s i n g   t h e   s i g n a l s  

S e a t i n g   t h e   d e p t h   and  r a d i u s   of  t h e   a n n u l a r   f o c a l   z o n e  

rom  t h e   m a i n   c o n t r o l l e r   10  and   f e e d s   t h e m   t o   t h e   d i s p l a y  

n i t   16.   M a r k e r s   1 9 - 1   and  1 9 - 2   i n d i c a t e   t h e   p o s i t i o n s   o f  

he  c e n t r e   a x i s   of   t h e   p r o b e .  

By  t h i s   i m a g i n g   m e a n s ,   t h e   f o l l o w i n g   k i n d s   o f  

r r a d i a t i o n   m o n i t o r i n g   o p e r a t i o n s   may  be  a c c o m p l i s h e d :  

1)  The  i r r a d i a t i o n   t a r g e t   may  be  i d e n t i f i e d   a n d  

j o s i t i o n e d   by  t h e   u l t r a s o n i c   i m a g i n g ;  

(2)  The  m o v e m e n t   of  t h e   i r r a d i a t i o n   t a r g e t   may  b e  

d e t e c t e d ,   so   t h a t   t h e   i r r a d i a t i o n   z o n e   may  be  moved   i n  

a c c o r d a n c e   w i t h   t h e   t a r g e t   m o v e m e n t   d e t e c t e d ;  

(3)  The  c h a n g e   in   t h e   a c o u s t i c   i m p e d a n c e   and  in   t h e   
 ̂

s o u n d   v e l o c i t y   due   to   t h e   t e m p e r a t u r e   r i s e   of   t h e  

i r r a d i a t i o n   z o n e   may  be  o b s e r v e d   by  m e a s u r i n g   t h e   i n t e n s i t y  

and  t h e   e c h o   s i g n a l   r e f l e c t e d   f r o m   t h e   i r r a d i a t i o n   z o n e ;  

(4)  The  h a r m o n i c s   w a v e s   g e n e r a t e d   in  t h e   i r r a d i a t i o n  

zone   by  a c o u s t i c a l   n o n - l i n e a r   e f f e c t s   may  be  o b s e r v e d ;   a n d  

(5)  The  h a r m o n i c s   w a v e s   g e n e r a t e d   in   a  s o - c a l l e d   " h o t  

s p o t "   o t h e r   t h a n   t h e   t a r g e t   zone   may  be  m o n i t o r e d .  

O p e r a t i o n   1  h a s   t h e   a d v a n t a g e   t h a t   i t   i s   n o t  
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s i g n i f i c a n t l y   i n f l u e n c e d   by  r e f r a c t i o n ,   e v e n   i f   s o u n d  

v e l o c i t y   has   a  d i s t r i b u t i o n   in   t h e   human  b o d y ,   b e c a u s e   t h e  

t a r g e t   i s   p o s i t i o n e d   by  u l t r a s o u n d   w a v e s   w h i c h   a r e   s i m i l a r  

t o   t h e   i r r a d i a t e d   w a v e s   and  n o t   by  o t h e r   m e a n s   s u c h   a s  

X - r a y s .   O p e r a t i o n   2  m a k e s   u s e   of  t h e   h i g h   s p e e d   of  t h e  

u l t r a s o u n d   p u l s e   e c h o   i m a g i n g   and  i s   p a r t i c u l a r l y   s u i t a b l e  

f o r   e l e c t r o n i c   s c a n n i n g   t y p e   u l t r a s o n i c   i m a g i n g   m e a n s .  

S i n c e   m o v e m e n t   of  t h e   i r r a d i a t i o n   t a r g e t   in   t h r e e  

d i m e n s i o n s   has   to   be  d e t e c t e d ,   t h r e e - d i m e n s i o n a l   s c a n n i n g  

w i t h   t h e   u l t r a s o u n d   beam  i s   n e c e s s a r y   u s i n g   a  t w o -  

d i m e n s i o n a l   a r r a y   t y p e   p r o b e   or   by  c o m b i n i n g   e l e c t r o n i c  

s c a n n i n g   and  m e c h a n i c a l   s c a n n i n g .   O p e r a t i o n   3  o b s e r v e s  

c h a n g e s   in  t h e   r e f l e c t e d   e c h o   i n t e n s i t y ,   w h i c h   i s   c a u s e d   b y  

c h a n g e s   in  t h e   a c o u s t i c   i m p e d a n c e   or   t h e   p r o d u c t   of   t h e  

s o u n d   v e l o c i t y   and   t h e   s p e c i f i c   g r a v i t y   b o t h   c h a n g i n g .  

Such  c h a n g e s   r e s u l t   when  t h e   t e m p e r a t u r e   of   a  s u b s t a n c e   i n  

t h e   i r r a d i a t e d   z o n e   i s   r a i s e d   by  a b s o r p t i o n   of   t h e   u l t r a -  

sound   wave .   O p e r a t i o n   3  a l s o   d e t e c t s   c h a n g e s   in  t h e  

r e f l e c t e d   echo   p h a s e ,   w h i c h   a r e   c a u s e d   by  c h a n g e s   in  s o u n d  

v e l o c i t y   . 

T h u s ,   o p e r a t i o n   3  i s   p a r t i c u l a r l y   e f f e c t i v e   i n  

m o n i t o r i n g   u l t r a s o u n d   h e a t i n g .   T h i s   m e t h o d   i s   p a r t l y  

d i s c l o s e d   on  p.  i . 7 8 8   of  " A m e r i c a n   A c o u s t i c s   R e p o r t " ,   v o l .  

15,  No.  11  and  in  US-A-4  ,  566  ,  4  59  . 

The  n o n - l i n e a r   a c o u s t i c   p a r a m e t e r   A/B  of  a  s u b s t a n c e  

or  c a v i t a t i o n   in  t h e   i r r a d i a t i o n   zone   c a u s e s   t h e   g e n e r a t i o n  

of  h a r m o n i c s   c o m p o n e n t s   of  t h e   i r r a d i a t i n g   u l t r a s o u n d  
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w a v e s .   T h e s e   a r e   o b s e r v e d   by  o p e r a t i o n   4  t o   p r o v i d e  

i n f o r m a t i o n   c o n c e r n i n g   t h e   i n t e n s i t y   and   a c t i o n   of  t h e  

u l t r a s o u n d   w a v e s   in   t h e   g e n e r a t i o n   z o n e .   I f   t h e   w a v e s  

h a v i n g   a  r e l a t i v e l y   h i g h   r e f l e c t i o n   i n t e n s i t y   a r e   p r e s e n t  

in  t h e   i r r a d i a t i o n   t a r g e t   medium  of  t h e   u l t r a s o u n d   w a v e s ,  

s t a n d i n g   w a v e s   may  be  p r o d u c e d   in  t h e   i r r a d i a t i o n   t a r g e t  

m e d i u m   to   c a u s e   a  s o - c a l l e d   " h o t   s p o t "   in  p a r t s   of  t h e  

med ium  o t h e r   t h a n   t h e   i r r a d i a t i o n   t a r g e t   z o n e .   T h i s  

u n i n t e n d e d   i r r a d i a t i o n   zone   may  be  d a n g e r o u s ,   p a r t i c u l a r l y  

when  t h e   p r e s e n t   i n v e n t i o n   i s   u s e d   in   m e d i c a l   t r e a t m e n t   s o  

t h a t   i t   h a s   t o   be  a v o i d e d   by  c a r e f u l   m o n i t o r i n g .  

O p e r a t i o n   5  m o n i t o r s   ho t   s p o t s   by  o b s e r v i n g   t h e  

h a r m o n i c s   w a v e s   w h i c h   a r e   g e n e r a t e d   by  t h e   n o n - l i n e a r  

a c o u s t i c   e f f e c t .  

In  o r d e r   t o   c a r r y   o u t   o p e r a t i o n s   4  a n d   5,  i t   i s  

n e c e s s a r y   t o   s t o p   t h e   o p e r a t i o n   of  t h e   t r a n s m i t t i n g  

c o n t r o l l e r   12  t h e r e b y   to   d e t e c t   o n l y   t h e   h a r m o n i c s   w a v e s  

w h i c h   a r e   g e n e a t e d   as  a  r e s u l t   of  t h e   i r r a d i a t i o n   of  t h e  

s o u n d   w a v e s   u s i n g   t h e   p r o b e   1.  On  t h e   o t h e r   h a n d ,   i f   a  

c o l o u r   d i s p l a y   u n i t   i s   u s e d   as  t h e   d i s p l a y   u n i t   16  and  i f  

t h e   i m a g i n g   c i r c u i t   15  g e n e r a t e s   d i s p l a y   s i g n a l s   o f  

d i f f e r e n t   c o l o u r s   when  t h e   a m p l i t u d e   of   t h e   h a r m o n i c s   w a v e s  

d e t e c t e d   e x c e e d s   a  p r e d e t e r m i n e d   a l l o w a b l e   l i m i t ,   t h i s   i s  

more   p r e f e r a b l e   as   i t   i m m e d i a t e l y   a t t r a c t s   t h e   a t t e n t i o n   o f  

t h e   o p e r a t o r .  

In  t h e   e m b o d i m e n t   t h u s   f a r   d e s c r i b e d ,   t h e   d e p t h   Z0 

and  r a d i u s   rp   of  t h e   a n n u l a r   f o c a l   z o n e   a r e   d e t e r m i n e d   b y  
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t h e   p h a s e   a d j u s t m e n t   ( i . e .   t h e   t e r m   of  ot(Z.  ,  r  )  o f  
K  K 

e q u a t i o n   ( 3 ) )   a c c o r d i n g   t o   t h e   r a d i a l   p o s i t i o n   r.  of  t h e  

d r i v e   s i g n a l   of  t h e   d i v i d e d   t r a n s d u c e r   1.  H o w e v e r ,   t h e  

r a d i u s   rp  can   a l s o   be  c o n t r o l l e d   by  t h e   p o l a r   number   ( i s e .  

zn  of  e q u a t i o n   ( 1 2 ) )   of  t h e   r o t a t i o n s   of  t h e   d r i v e   s i g n a l s  

a l o n g   t h e   c i r c u m f e r e n t i a l   p o s i t i o n   of   t h e   o s c i l l a t o r .  

T h e r e f o r e ,   t h e   t e r m   of  a ( Z k ,   r k )   of  t h e   e q u a t i o n   (3)  may  b e  

d e t e r m i n e d   by  t h e   f o l l o w i n g   e q u a t i o n ,   r a t h e r   t h a n   b y  

e q u a t i o n   (  4  )  : 

E q u a t i o n   (13)   i m p l i e s   t h a t   t h e   d r i v e   p h a s e   d e t e r m i n e d   b y  

t h e   r a d i a l   p o s i t i o n   rk  of  t h e   e l e m e n t s   of   t h e   p r o b e   1  may  

be  c a l c u l a t e d   so  t h a t   i t   i s   f o c u s e d   in   t h e   c e n t r e   p o s i t i o n  

of  t h e   f o c a l   p l a n e   at   t h e   d e s i r e d   d e p t h   Z_,. 

t h e   d r i v e   p h a s e   may  be  i n v e r t e d   i n t o   a  s t r i p e   form  a t   t h e  

p o s i t i o n   of  t h e   t w o - d i m e n s i o n a l   a r r a y ,   r a t h e r   t h a n  

a d j u s t i n g   t h e   d r i v e   p h a s e   a c c o r d i n g   t o   t h e   e l e m e n t  

p o s i t i o n   of  t h e   p r o b e   in  t h e   c i r c u m f e r e n t i a l   d i r e c t i o n ,   a s  

e x p r e s s e d   by  t h e   e q u a t i o n   ( 1 1 ) .   T h e n ,   t h e   d r i v e   p h a s e ^ k   o f  

t h e   p r o b e   e l e m e n t   l o c a t e d   a t   (ZR,  r k ,   6R)  i s   e x p r e s s e d   b y  

t h e   f o l l o w i n g   e q u a t i o n :  

( 1 3 )  

When  t h e   p r o b e   of  F i g .   8  i s   u s e d ,   on  t h e   o t h e r   h a n d ,  
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Zf )1   + r  

f  y  (  Z  k  ,  r  k  , 9 k ) + u „ t   — ( 1 3 )  

H e r e ,   t h e   p h a s e   d e n o t e d   by  B i s   shown  in  F i g s .   1 0 A ,  

10B  and  IOC,  f o r   e x a m p l e .   By  t h u s   c o n t r o l l i n g   t h e   d r i v e  

p h a s e ,   a  p l u r a l i t y   of  s p o t s   of  d i f f e r e n t   p o l a r i t i e s   can   b e  

f o r m e d   s i m u l t a n e o u s l y   on  t h e   f o c a l   p l a n e   P,  as  shown   i n  

F i g s .   11A,  11B  and   11C.  I f   i r r a d i a t i o n   i s   c a r r i e d   o u t  

w h i l s t   s i m u l t a n e o u s l y   s w i t c h i n g   t h e   m o d e s   of  F i g s .   11A,  11B  

and  11C,  t h e   u l t r a s o u n d   wave  e n e r g y   c a n   a l s o   h a v e   a n  

a n n u l a r   t i m e   a v e r a g e d   d i s t r i b u t i o n .   By  u s i n g   a  s p e c i f i e d  

one  of  t h e   m o d e s   of   F i g s .   11A,  11B  and   11C,  m o r e o v e r ,   i t   i s  

p o s s i b l e   t o   f o r m   an  u l t r a s o u n d   wave   e n e r g y   d i s t r i b u t i o n  

w h i c h   i s   s u i t a b l e   f o r   a  r o t a t i o n a l l y   a s y m m e t r i c   i r r a d i a t i o n  

t a r g e t   z o n e .  

w h i c h   show  t h e   d i s t r i b u t i o n s   of  t h e   p h a s e   of  t h e   s o u n d  

p r e s s u r e s   on  t h e   f a c e s   of  t h e   t r a n s d u c e r   e l e m e n t s   of  a  t w o -  

d i m e n t i o n a l   a r r a y   t y p e   u l t r a s o u n d   t r a n s d u c e r ,   h a v e   i n  

common  i s   t h a t   t h e   d r i v e   p h a s e s   of   t h e   r e s p e c t i v e   e l e m e n t s '  

a r e   c o n t r o l l e d   so  t h a t   t he   i n t e g r a l   of   t h e i r   v a l u e   i s  

s u b s t a n t i a l l y   n e g l i g i b l e   c o m p a r e d   w i t h   t h e   i n t e g r a l   o f  

t h e i r   a b s o l u t e   v a l u e s .   T h i s   c o n t r o l   p r o v i d e s   an  e f f e c t i v e  

m e t h o d   f o r   f o r m i n g   a  s o u n d   f i e l d   in  w h i c h   t h e   i n t e g r a l   o f  

t h e   s o u n d   p r e s s u r e   can  be  s u b s t a n t i a l l y   n e g l e c t e d   in  c o m -  

p a r i s o n   w i t h   t h e   i n t e g r a l   of  t h e   a b s o l u t e   v a l u e   of  t h e  

One  f e a t u r e   t h a t   t h e   e x a m p l e s   of   F i g s .   7,  9  and  1 0 ,  
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s o u n d   p r e s s u r e   on  t h e   f o c a l   p l a n e .  

As  a  r e s u l t ,   t h e   a n n u l a r   f o c a l   z o n e   can   be  f o r m e d  

w i t h o u t   f o r m i n g   t h e   s e c o n d a r y   f o c a l   zone   B  shown  in  F i g .   1 .  

F i g s .   12A  and  12B  show  t h e   s t r u c t u r e   of  a  p r o b e   f o r  

use   in  a  s y s t e m   b e i n g   a  f u r t h e r   e m b o d i m e n t   of  t h e   p r e s e n t  

i n v e n t i o n .   T h i s   p r o b e   has   a  f i x e d   f o c a l   p o i n t   u s i n g   a n  

a c o u s t i c   l e n s   to   r e p l a c e   t h e   c o n t r o l   of  t h e   d r i v e   p h a s e  

u s i n g   t he   t e r m   f i U k ,   rR)  of  e q u a t i o n   3  and   f o r m s   an  a n n u l a r  

f o c a l   z o n e .   The  t r a n s d u c e r   1  f o r   t h e   s o u n d   w a v e  

t r a n s m i s s i o n   i s   d i v i d e d   i n t o   a  p l u r a l i t y   of  a n n u l a r   p i e z o -  

e l e c t r i c   e l e m e n t s   Tj  ,  T2,  ,  and   ?N  h a v i n g   an  i n t e r n a l  

r a d i u s   rQ  and  an  e x t e r n a l   r a d i u s   r ^   T h e s e   e l e m e n t s   a r e  

a t t a c h e d   to   t h e   b a c k   of  an  a c o u s t i c   l e n s   2  h a v i n g   a  f o c a l  

l e n g t h   Zp.  A l s o   shown  in  F i g .   12B  i s   a  w a t e r   bag  4 .  

If   t h e   t r a n s d u c e r   e l e m e n t s   a r e   c o n s i d e r e d   in  p o l a r  

c o o r d i n a t e s   ( r ,   6 ) ,   t h e   a n g u l a i T ' c o o r d i n a t e s   of  t h e   i - t h  

e l e m e n t   a r e   d e s i g n a t e d   a t   8i  and  t h e   a m p l i t u d e   of  t h e   d r i v e  

s i g n a l   is   d e s i g n a t e d   a t   A ( 6 k ) ,   t h e n   t h e   d r i v e   s i g n a l   i s  

c o n t r o l l e d   to   s a t i s f y   t h e   f o l l o w i n g   e q u a t i o n :  

A(ek)   =  A 0 e ^ n ( e k   +  3 < e k ) ) -   U()tj  _ 

r h u s   t he   c o n t r o l   i s   s u c h   t h a t   t h e   p h a s e   of  t h e   d r i v e   s i g n a l  

p r o c e e d s   on  t he   a n n u l a r   t r a n s d u c e r   in  t h e   c i r c u m f e r e n t i a l  

d i r e c t i o n   at  an  a n g u l a r   v e l o c i t y   wp  g i v e n   by  t h e   f o l l o w i n g  

e q u a t i o n   : 

up  =  V n '   (  1  +  Pj  <ek>>  ( 1 5 )  
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H e r e :   d e s i g n a t e s   t h e   a n g u l a r   v e l o c i t y   of  t he   u l t r a -  

s o u n d   w a v e s ;   n  d e s i g n a t e s   t h e   n u m b e r   of  p h a s e   r o t a t i o n   p e r  

r o t a t i o n   in  t he   c i r c u m f e r e n t i a l   d i r e c t i o n   6  *  (6.  ) 

d e s i g n a t e s   a  f u n c t i o n   e x p r e s s i n g   t h e   a z i m u t h   m o d u l a t i o n   o f  

t h e   p h a s e   a n g u l a r   v e l o c i t y ;   and   A_  d e s i g n a t e s   a  c o n s t a n t .  

For   s i m p l i c i t y ,   t h e   s o u n d   f i e l d   B  on  the   f o c a l   p l a n e  

in  t he   a b s e n c e   of  t h e   m o d u l a t i o n   fi^*  (6^ )   w i l l   now  b e  

c a l c u l a t e d .   I f   t h e   p o l a r   c o o r d i n a t e s   on  t h e   f o c a l   p l a n e  

a r e   d e s i g n a t e d   at   ( R , ( h ) ) ,   i f   t h e   wave  n u m b e r   of  t h e   u l t r a -  

s o u n d   w a v e s   i s   d e s i g n a t e d   a t   k,  and  i f   t h e   f o l l o w i n g  

e q u a t i o n   h o l d s :  

Kp  =  k R / Z p  (16)  , 

t h e n   t h e   f o l l o w i n g   e q u a t i o n   i s   o b t a i n e d :  

B  = A  (8)  e  F jK  r c o s   (0  -  (h) )  r d e d r  

0 

r  0 
0 

0 

( 1 7 ) .  

If  r2  =  2 / 3 -   ( r ^   -  rQ3)  /  ( r j 2   -  rQ2)  ,  t h e   e q u a t i o n   ( 1 7 )  

can  be  a p p r o x i m a t e d   i n t o   t h e   f o l l o w i n g   f o r m :  

( 1 8 ) .  
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In  o t h e r   w o r d s ,   t h e   s o u n d   f i e l d   B  has   a  r a d i a l   d i s t r i b u t i o n  

w i t h   t he   f o r m   of  an  n - t h   o r d e r   B e s s e l ' s   f u n c t i o n .   As  a  

r e s u l t ,   a n n u l a r   f o c a l   z o n e s   of  d i f f e r e n t   r a d i i   c a n   b e  

f o r m e d   by  c h a n g i n g   t h e   p h a s e   r o t a t i o n   n u m b e r   n .  

F i g s .   13A  and  13B  show  t h e   s o u n d   p r e s s u r e   d i s t r i b u -  
t i o n   ( i n   a b s o l u t e   v a l u e s )   of  t h e   s o u n d   f i e l d   on  a  f o c a l  

p l a n e ,   w h i c h   i s   e s t a b l i s h e d   f o r   an  u l t r a s o u n d   f r e q u e n c y   o f  
3.5  MHz,  a  t r a n s d u c e r   h a v i n g   an  i n t e r n a l   r a d i u s   of  r  -  0 
20  mm  and  an  e x t e r n a l   r a d i u s   ^   -  60  mm,  a  f o c a l   l e n g t h  
>f  Zp  =  80  mm  and   a  p r o b e   h a v i n g   an  e l e m e n t   n u m b e r   N  =  64  , 
ind  when  t h e   p h a s e   r o t a t i o n   n u m b e r   n  of  t h e   d r i v e   s i g n a l  

>er  r o t a t i o n   i s   s e t   a t   n  -  4  and  n  =  8.  I t   i s   f o u n d   t h a t  
:he  r a d i u s   of  t h e   f o c a l   z o n e   on  t h e   f o c a l   p l a n e   i s   s u b -  

s t a n t i a l l y   p r o p o r t i o n a l   t o   t h e   p h a s e   r o t a t i o n   n u m b e r   n .  

F u r t h e r m o r e ,   an  e l o n g a t e d   a n n u l a r   f o c a l   z o n e   i s  

o r m e d   by  m o d u l a t i n g   t h e   a n g u l a r   v e l o c i t y   Qf  g i v e n   b y  

i q u a t i o n   (15)   u s i n g   t h e   m o d u l a t i o n   t e r m   0 , ( 6 . ) .   F o r  

x a m p l e ,   when  t h e   t r a n s d u c e r   in  F i g .   12A  and  12B  i s   d r i v e n  

y  t h e   s i g n a l   w i t h   n  =  8  a n d  

Bx  ( 6 i )   =  0 . 1 5   s i n   28,   ( 1 9 )  

n  o v a l - s h a p e d   f o c a l   z o n e   w i t h   an  a s p e c t   r a t i o   I . 3 5   i s  

o r m e d   on  t h e   f o c a l   p l a n e .  

The  a r r a n g e m e n t   of  F i g .   13  shows  t h e   u se   of  t h e  

c o u s t i c   l e n s   f o r   g e o m e t r i c a l   f o c u s i n g   ( i . e .   to   d e t e r m i n e  
he  f o c a l   l e n g t h   Z p ) .   H o w e v e r ,   g e o m e t r i c a l   f o c u s i n g   c a n  
l s o   be  a c h i e v e d   by  m a k i n g   t h e   s h a p e   of  t h e   t r a n s d u c e r  

l e m e n t s   c o n c a v e .  
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In  t h e   a r r a n g e m e n t s   d i s c u s s e d   a b o v e ,   t h e   s h a p e s   o f  

t h e   t r a n s d u c e r s   were   c i r c u l a r   or   f o r m e d   a  r e g u l a r   p o l y g o n .  

T h i s   i n v e n t i o n   can   a l s o   be  a p p l i e d   to   t h e   t r a n s d u c e r s   w i t h  

o t h e r   t y p e s   of  s h a p e s   s u c h   as  e l o n g a t e d   c i r c l e s   or   e l o n g a t e  

p o l y g o n s .   A l s o ,   t h e s e   a r r a n g e m e n t s   fo rm  t h e   a n n u l a r   f o c a l  

zone   and  c o n t r o l   i t s   d i a m e t e r   by  u s i n g   a  p r o b e   h a v i n g   a  

t w o - d i m e n s i o n a l   or  r a d i a l l y   d i v i d e d   a r r a y   of  e l e m e n t s   a n d  

by  r o t a t i n g   t h e   p h a s e s   of  t h e   d r i v i n g   s i g n a l s   in  t h e  

c i r c u m f e r e n t i a l   d i r e c t i o n .   H o w e v e r ,   t h e   f o r m a t i o n   of  t h e  

a n n u l a r   f o c a l   zone   and  t h e   c o n t r o l   of  t h e   z o n e   r a d i u s   c a n  

a l s o   be  a c h i e v e d   by  u s i n g   an  ( a n n u l a r   a r r a y )   p r o b e   c o m p o s e d  

of  a  n u m b e r   of  m u l t i - r i n g - s h a p e d   t r a n s d u c e r   e l e m e n t s .  

F i g .   14  shows   t h i s   a r r a n g e m e n t ,   in  w h i c h   r e f e r e n c e  

n u m e r a l s   1 - 1 ,   1 - 2 ,   1 - 3 ,   -  -  - , '   and   1-9  d e s i g n a t e   t r a n s -  

d u c e r   e l e m e n t s   d i v i d e d   i n t o   a  m u l t i p l i c i t y   of  r i n g s ,   w i t h  

t h e   p a r t s   b e i n g   i n d i c a t e d   by  t h e   same  n u m e r a l s   as  t h o s e   o f  

t h e   a r r a n g e m e n t   of  F i g .   4.  I f   .  c y l i n d r i c a l   c o o r d i n a t e s   a r e  

c o n s i d e r e d   w i t h   t h e   r o t a t i o n a l l y   s y m m e t r i c   a x i s   of   t h e  

p r o b e   l o c a t e d   on  t h e   Z  a x i s   and  an  o r i g i n   l o c a t e d   a t   t h e  

c e n t r e   of  t h e   p r o b e   and  i f   t h e   c o o r d i n a t e s   of  a  k - t h   t r a n s -  

d u c e r   e l e m e n t   a r e   Z  =  and  r  =  r^  and  t h e   c o o r d i n a t e s   o f  

t h e   a n n u l u s   of  t h e   c e n t r a l   p o r t i o n   of  an  a n n u l a r   f o c a l   z o n e  

a r e   Z  =  Z  and  r  =  r r ,   t h e   p h a s e c y .   ,  ,  . .   ,  , F  F  r  J  k  of  t h e   d r i v e   s i g n a l   t o  

be  f e d   to   t h a t   k - t h   t r a n s d u c e r   e l e m e n t   i s   g i v e n   by  t h e  

f o l l o w i n g   e q u a t i o n :  

<P»  =  ^ [ / ( Z „ - Z F ) J + ( r   k - r   F ) S - Z F ]   - ( 2 0 >  
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H e r e ,   *0  d e s i g n a t e a   t h e   w a v e l e n g t h   of   t h e  

i r r a d i a t i o n   u l t r a s o u n d   w  a  v e t s .  

T h u s ,   in   c o n c l u s i o n ,   t he   p r e a e n t   i n v e n t i o n   p r o p o s e s  

t h a t   t h e   s y s t e m   has   a  c o n t r o l   c i r c u i t   f o r   c o n t r o l l i n g   t h e  

p h a s e s   of  t h e   d r i v e   s i g n a l s   such   t h a t   t h e   m o d u l u s   or  r o o t  

mean  s q u a r e   v a l u e   of  t h e   i n t e g r a l   o v e r   t h e   f o c a l   p l a n e   o f  

t h e   s o u n d   p r e s s u r e s   of  t h e   s o u n d   p r e a a u r e   r e g i o n s   i s  

n e g l i g i b l e   c o m p a r e d   w i t h   t h e   i n t e g r a l   of  t h e   m o d u l u s   o r  

r o o t   mean  s q u a r e   v a l u e   of  t h e   s o u n d   p r e s s u r e s   o v e r   t h e  

f o c a l   p l a n e .  

When  t h e   f i e l d   p a t t e r n   i s   s t a t i c ,   t h i s   has   t h e  

e f f e c t   t h a t   t h e   v a l u e   of  t h e   i n t e g r a l   o v e r   t h e   f o c a l   p l a n e  

of  t h e   s o u n d   p r e s s u r e s   of  t h e   s o u n d   p r e s s u r e   r e g i o n s  

g e n e r a t e d   by  t h e   t r a n s d u c e r   i s   n e g l i g i b l e   c o m p a r e d   w i t h   t h e  

i n t e g r a l   o v e r   e a c h   s o u n d   p r e s s u r e   r e g i o n   of   t h e   s o u n d  

p r e s s u r e   of  t h a t   s o u n d   p r e s s u r e   r e g i o n   a t   any   t i m e .   When 

the  f i e l d   p a t t e r n   i s   n o t   s t a t i c   h o w e v e r ,   f o r   e x a m p l e   w h e n  

the   t r a n s d u c e r   i l l u s t r a t e d   in  F i g .   12  A  and  B  i s   d r i v e n  

wi th   t h e   s i g n a l   in  e q u a t i o n   ( 1 4 ) ,   t h e   f i e l d   p a t t e r n   r o t a t e s  

in  t h e   o r d e r   of   m a g n i t u d e   of  t he   u l t r a s o u n d   f r e q u e n c y ,  

rhus   t h e   s o u n d   p r e s s u r e   P*  on  t h e   f o c a l   p l a n e   S  i s  

c o n t r o l l e d   to   s a t i s f y   t h e   f o l l o w i n g   i n e q u a l i t y .  

1 )  

w t  
2 )  

3 )  
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A l t e r n a t i v e l y ,   t h e   f o l l o w i n g   e x p r e s s i o n   c o u l d   b e  

u s e d :  

J j / P * r   dxdy  ( 2 4 )  

w i t h   t h e   s a n e   e f f e c t .  
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CLAIMS  : 

1.  An  u l t r a s o n i c   i r r a d i a t i o n   s y s t e m   c o m p r i s i n g :  

a  t r a n s d u c e r   (1)  h a v i n g   a  g e n e r a l l y   c i r c u l a r   s h a p e  

and  b e i n g   d i v i d e d   i n t o   a  p l u r a l i t y   of  e l e m e n t s   a t   l e a s t   i n  

a  c i r c u m f e r e n t i a l   d i r e c t i o n ,   t h e   t r a n s d u c e r   (1)  b e i n g  

a d a p t e d   t o   g e n e r a t e   a  p l u r a l i t y   of  sound   p r e s s u r e   r e g i o n s  

on  a  f o c a l   p l a n e ;  

a  d r i v e   c i r c u i t   (8)  f o r   g e n e r a t i n g   d r i v e   s i g n a l s   f o r  

d r i v i n g   e a c h   of  t h e   e l e m e n t s ,   r e s p e c t i v e l y   |  

c h a r a c t e r i s e d   in  t h a t :  

t h e   s y s t e m   has   a  c o n t r o l   c i r c u i t   ( 1 0 , 1 1 )   f o r  

c o n t r o l l i n g   t h e   p h a s e s   of   t h e   d r i v e   s i g n a l s   s u c h   t h a t   t h e  

m o d u l u s   or  r o o t   mean  s q u a r e   v a l u e   of  t he   i n t e g r a l   o v e r   t h e  

f o c a l   p l a n e   of  t h e   s o u n d   p r e s s u r e s   of  t he   s o u n d   p r e s s u r e  

r e g i o n s   i s   n e g l i g i b l e   c o m p a r e d   w i t h   t h e   i n t e g r a l   of  t h e  

m o d u l u s   or  r o o t   mean  s q u a r e   v a l u e   of  t he   s o u n d   p r e s s u r e s  

o v e r   t h e   f o c a l   p l a n e .  

2.  An  u l t r a s o n i c   i r r a d i a t i o n   s y s t e m   a c c o r d i n g   to   c l a i m  

1,  w h e r e i n   t h e   c o n t r o l   c i r c u i t   ( 1 0 , 1 1 )   is   a d a p t e d   t o  

c o n t r o l   t h e   p h a s e s   of  t h e   r e s p e c t i v e   d r i v e   s i g n a l s   of  t h e  

t r a n s d u c e r   e l e m e n t s   s u c h   t h a t   t he   p h a s e s   of  t h e   d r i v e  

s i g n a l s   a r e   r o t a t a b l e   n  r o t a t i o n s   on  t he   f a c e   of   s a i d  

t r a n s d u c e r   (1)  in  t h e   c i r c u m f e r e n t i a l   d i r e c t i o n .  

3.  An  u l t r a s o n i c   i r r a d i a t i o n   s y s t e m   a c c o r d i n g   t o   c l a i m  

2,  w h e r e i n   t h e   c o n t r o l   c i r c u i t   ( 1 0 , 1 1 )   is   a d a p t e d   t o   r o t a t e  

the   d i s t r i b u t i o n   of   t h e   r e s p e c t i v e   d r i v e   p h a s e s   of  t h e  

o s c i l l a t i n g   e l e m e n t s   w h i l e   h o l d i n g   c o n s t a n t   t h e   m u t u a l  

r e l a t i o n s h i p s   b e t w e e n   t h e   d r i v e   p h a s e s .  

4.  An  u l t r a s o n i c   i r r a d i a t i o n   s y s t e m   a c c o r d i n g   to   a n y  
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one  of  c l a i m s   1  to   3,  w h e r e i n   t h e   t r a n s d u c e r   (1)   i n c l u d e s  

g e o m e t r i c   f o c u s i n g   m e a n s .  

5.  An  u l t r a s o n i c   i r r a d i a t i o n   s y s t e m   a c c o r d i n g   to  c l a i m  

4,  w h e r e i n   t h e   g e o m e t r i c   f o c u s i n g   means   is   an  a c o u s t i c   l e n s  

h a v i n g   a  p r e d e t e r m i n e d   f o c a l   p o i n t .  

6.  An  u l t r a s o n i c   i r r a d i a t i o n   s y s t e m   a c c o r d i n g   to  c l a i m  

4,  w h e r e i n   t h e   g e o m e t r i c   f o c u s i n g   means   is   m e a n s   f o r   m a k i n g  

t h e   f a c e   of   t h e   o s c i l l a t o r   c o n c a v e .  

7.  An  u l t r a s o n i c   i r r a d i a t i o n   s y s t e m   a c c o r d i n g   to  c l a i m  

1,  f u r t h e r   c o m p r i s i n g :  

an  a r r a y   t y p e   m o n i t o r i n g   p r o b e   a t   t h e   c e n t r e   of  t h e  

f a c e   of  t h e   t r a n s d u c e r   ( 1 ) ;   a n d  

i m a g i n g   m e a n s   f o r   i m a g i n g   by  means   of  s o u n d   w a v e s  

f rom  an  o b j e c t   by  e l e c t r o n i c   l i n e a r   or  s e c t o r   s c a n n i n g   o f  

t h e   a r r a y   t y p e   p r o b e .  

8.  An  u l t r a s o n i c   i r r a d i a t i o n   s y s t e m   a c c o r d i n g   to   c l a i m  

7,  w h e r e i n   t h e   a r r a y   t y p e   p r o b e   i s   d r i v e n   by  a  s i g n a l  

h a v i n g   a  f r e q u e n c y   a t   l e a s t   t w i c e   t h a t   of  t h e   d r i v e   s i g n a l s  

f o r   d r i v i n g   t h e   t r a n s d u c e r   ( 1 ) .  

9.  An  u l t r a s o n i c   i r r a d i a t i o n   s y s t e m   c o m p r i s i n g :  

a  t r a n s d u c e r   (1)  h a v i n g   a  g e n e r a l l y   c i r c u l a r   c o n t o u r  

and  b e i n g   d i v i d e d   i n t o   a  p l u r a l i t y   of  e l e m e n t s   in   b o t h  

c i r c u m f e r e n t i a l   and  r a d i a l   d i r e c t i o n s ;  

a  d r i v e   c i r c u i t   (8)  f o r   d r i v i n g   e a c h   of   t h e   e l e m e n t s  

r e s p e c t i v e l y ;   a n d  

a  c o n t r o l   c i r c u i t   ( 1 0 , 1 1 )   fo r   c o n t r o l l i n g   t h e   p h a s e s  

of  d r i v e   s i g n a l s   f o r   d r i v i n g   t h e   e l e m e n t s ,   r e s p e c t i v e l y ,  



0 2 1 4 7 8 2  

27  

w h e r e i n   t h e   c o n t r o l   c i r c u i t   ( 1 0 , 1 3 )   i s   a d o p t e d   to   c o n t r o l  

t h e   p h a s e s   of  t h e   r e s p e c t i v e   d r i v e   s i g n a l s   f o r   d r i v i n g   t h e  

t r a n s d u c e r   e l e m e n t s   s u c h   t h a t   s o u n d   w a v e s   may  be  c o n v e r g e d  

in  a  d e s i r e d   a n n u l a r   f o c a l   z o n e .  

10 .   An  u l t r a s o n i c   i r r a d i a t i o n   s y s t e m   a c c o r d i n g   to   c l a i m  

9,  w h e r e i n   t h e   c o n t r o l   c i r c u i t   ( 1 0 , 1 1 )   i s   a d a p t e d   t o  

d e t e r m i n e   t h e   t e r m   of  a  p h a s e   a d j u s t m e n t   c o r r e s p o n d i n g   t o  

t h e   r a d i a l   p o s i t i o n s   of  t h e   e l e m e n t s   w i t h   r e s p e c t   to   t h e  

d i s t a n c e   t o ,   and  t h e   r a d i u s   o f ,   t h e   f o c a l   p l a n e   of  t h e  

a n n u l a r   f o c a l   z o n e   and  i s   a d a p t e d   t o   c o n t r o l   t he   p h a s e s   o f  

t h e   r e s p e c t i v e   d r i v e   s i g n a l s   f o r   d r i v i n g   t h e   e l e m e n t s   s u c h  

t h a t   t h e   p h a s e s   of   t h e   d r i v e   s i g n a l s   a r e   r o t a t a b l e   t h r o u g h  

n  r o t a t i o n s   in  t h e   c i r c u m f e r e n t i a l   d i r e c t i o n   of  t h e   f a c e   o f  

t h e   t r a n s d u c e r   ( 1 ) .  

11 .   An  u l t r a s o n i c   i r r a d i a t i o n   s y s t e m   a c c o r d i n g   to   c l a i m  

9,  w h e r e i n   t h e   c o n t r o l   c i r c u i t   _ (10 ,   11  )  i s   a d a p t e d   to   d e t e r -  

m i n e   t h e   t e r m   of  a  p h a s e   a d j u s t m e n t   c o r r e s p o n d i n g   to   t h e  

r a d i a l   p o s i t i o n s   of  t h e   e l e m e n t s   f o r   c o n v e r g i n g   s o u n d   w a v e s  

a t   t h e   c e n t r e   p o s i t i o n   of   t h e   f o c a l   p l a n e   of  t h e   a n n u l a r  

f o c a l   zone   and  i s   a d a p t e d   t o   c o n t r o l   t h e   p h a s e s   of  t h e  

r e s p e c t i v e   d r i v e   s i g n a l s   of  t h e   e l e m e n t s   s u c h   t h a t   t h e  

p h a s e s   of  s a i d   d r i v e   s i g n a l s   a r e   r o t a t a b l e   t h r o u g h   n  

r o t a t i o n s   in  t h e   c i r c u m f e r e n t i a l   d i r e c t i o n   of  t h e   f a c e   o f  

t h e   t r a n s d u c e r   (  1  )  . 

12 .   An  u l t r a s o n i c   i r r a d i a t i o n   s y s t e m   c o m p r i s i n g :  

a  t r a n s d u c e r   (1)  h a v i n g   a  p l u r a l i t y   of  e l e m e n t s  

a r r a n g e d   in  a  t w o - d i m e n s i o n a l   a r r a y ;  
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a  d r i v e   c i r c u i t   (8)  f o r   d r i v i n g   t h e   e l e m e n t s  

r e s p e c t i v e l y   ;  a n d  

a  c o n t r o l   c i r c u i t   ( 1 0 , 1 1 )   f o r   c o n t r o l l i n g   t h e   p h a s e s  

of  d r i v e   s i g n a l s   f o r   d r i v i n g   t h e   e l e m e n t s ,   r e s p e c t i v e l y ,  

w h e r e i n   t h e   c o n t r o l   c i r c u i t   ( 1 0 , 1 1 )   i s   a d a p t e d   to   d e t e r m i n e  

t h e   t e r m   of  a  p h a s e   a d j u s t m e n t   c o r r e s p o n d i n g   to   t h e  

r e s p e c t i v e   r a d i a l   p o s i t i o n s   of  t r a n s d u c e r   e l e m e n t s   s u c h  

t h a t   s o u n d   w a v e s   a r e   c o n v e r g a b l e   a t   t h e   c e n t r e   p o s i t i o n   o f  

t h e   f o c a l   p l a n e   of  a  d e s i r e d   a n n u l a r   f o c a l   z o n e ,   and  i s  

a d a p t e d   t o   r e v e r s e   s e q u e n t i a l l y   t h e   p o l a r i t i e s   of  t h e   d r i v e  

s i g n a l s   in   a  p r e d e t e r m i n e d   d i r e c t i o n   of  t h e   t w o - d i m e n s i o n a l  

a r r a y   . 

13.   An  u l t r a s o n i c   i r r a d i a t i o n   s y s t e m   c o m p r i s i n g :  

a  t r a n s d u c e r   (1)  h a v i n g   a  p l u r a l i t y   of  e l e m e n t s  

a r r a n g e d   in  an  a n n u l a r   a r r a y ;  

a  d r i v e   c i r c u i t   f o r   d r i v i n g   t h e   e l e m e n t s  

r e s p e c t i v e l y ;   a n d  

a  c o n t r o l   c i r c u i t   ( 1 0 , 1 1 )   f o r   c o n t r o l l i n g   t h e   p h a s e s  

of  d r i v e   s i g n a l s   f o r   d r i v i n g   s a i d   e l e m e n t s ,   r e s p e c t i v e l y ,  

w h e r e i n   t h e   c o n t r o l   c i r c u i t   c o n t r o l s   t h e   p h a s e s   of  t h e  

r e s p e c t i v e   d r i v e   s i g n a l s   of  t h e   t r a n s d u c e r   e l e m e n t s   s u c h  

t h a t   s o u n d   w a v e s   a r e   c o n v e r g a b l e   t o w a r d   an  a n n u l a r   f o c a l  

z o n e   h a v i n g   a  d e s i r e d   r a d i u s   and   a  d e s i r e d   d e p t h w i s e  

p o s i t i o n   . 
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